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Theory and experiment on particle trapping and
manipulation via optothermally generated bubbles†
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We present a theoretical analysis and experimental demonstration of particle trapping and manipulation

around optothermally generated bubbles. We show that a particle located within 500 μm of a surface

bubble can be attracted towards a bubble by drag force resulting from a convective flow. Once the

particle comes in contact with the bubble's surface, a balance between surface tension forces and

pressure forces traps the particle on the bubble surface, allowing the particle to move with the bubble

without detaching. The proposed mechanism is confirmed by computational fluid dynamics simulations,

force calculations, and experiments. Based on this mechanism, we experimentally demonstrated a novel

approach for manipulating microparticles via optothermally generated bubbles. Using this approach,

randomly distributed microparticles were effectively collected and carried to predefined locations. Single

particles were also manipulated along prescribed trajectories. This bubble-based particle trapping and

manipulation technique can be useful in applications such as micro assembly, particle concentration, and

high-precision particle separation.
Introduction

Recently, the use of bubbles in microfluidics1–6 has led to
many unique approaches for handling liquids,7–15 microparti-
cles,16–18 cells,19 or molecules20 on a chip. Most of these
approaches require mechanisms not only to generate micro-
bubbles with well-defined sizes, but also to actively control
their locations. To fulfill these requirements within
microfluidic devices, researchers have developed several bub-
ble generation and manipulation mechanisms,21–25 among
which optothermally generated bubbles7,20,26–28 have received
significant attention. The optothermal-based approach can
conveniently generate bubbles and actively control their loca-
tions and sizes with simple setups.29–33 It uses a weakly
focused, continuous wave laser to heat a strong laser-
absorbing metal (e.g., silver or gold) immersed in a liquid.
After the temperature of the liquid near the metal surface is
heated to its boiling point, a bubble is generated at the
metal–liquid interface. The size and movement of the bubble
can be flexibly controlled by adjusting the exposure time
and the location of the laser. So far, optothermally generated
bubbles have been applied in liquid control,7 single DNA
stretching,20 the assembly of micro-components,26–28

plasmonic lens,34–37 and nanoparticle accumulation.38

Besides the aforementioned applications, optothermally
generated bubbles can potentially be utilized for particle trap-
ping and manipulation,39 which is an important tool for
many physical,40–49 chemical,50,51 and biological studies.52–56

It has been shown that particles located near an
optothermally generated bubble can be trapped on the sur-
face of a bubble.31,32,38 However, currently, the underlying
mechanism for particle trapping using an optothermal bub-
ble has not been fully understood. A number of effects,
including van der Waals forces,38 thermophoretic effects,38

and Marangoni effects26,32 have been hypothesized to be the
dominant mechanism, but the theories behind this interest-
ing phenomenon are insufficient. Consequently, applying
optothermally generated bubbles for particle manipulation
usually relies on forces from external sources, such as acous-
tics30 or solid structures,26 rather than the bubble itself.

In this article, we conducted comprehensive studies on
particle trapping and manipulation based on optothermally
generated bubbles. Our studies involve a theoretical analysis,
simulations, and experiments which reveal that the particle-
trapping process is governed by a combined effect of drag,
pressure, and surface tension forces. When particles are
introduced into a flow field around an optothermally gener-
ated bubble, the particles are first driven towards the bubble
oyal Society of Chemistry 2014
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surface by the heat-induced convective flow. The particles are
then trapped on the bubble's surface by a balance of a sur-
face tension force and a pressure force. Our proposed mecha-
nism has been confirmed by computational fluid dynamics
(CFD) simulations, theoretical calculations, and experiments.

Based on our understanding of this mechanism, we fur-
ther demonstrated a novel particle-manipulation technique,
in which particles are carried by an optothermally generated
bubble without the use of any external forces. Our technique
has excellent control over the particle trajectory: the position
of the bubble and the attached particles can be precisely con-
trolled by moving the laser spot along a prescribed route.
Our particle-manipulation approach uses a combination of
both long-range forces (the drag force arising from the con-
vective flow) and short-range forces (surface tension and
pressure forces) to trap and manipulate particles. This combi-
nation of forces enables attracting particles that are located
both near and far away from the bubble and manipulation to
any predefined location. This technique has excellent versatility.
It can be used to manipulate either single particles or clusters
of particles at the same time. The experimental setup does
not require a high-powered laser, a complicated optical setup,
or an objective with a high numerical aperture, which is typi-
cally required in an optical tweezers setup. Our system is easy
to design and operate. With its advantages in functionality,
versatility, and simple device setup, we expect that this
bubble-based particle manipulation technique can be valuable
in many disciplines in science and engineering.57,58

Experiments

The optical setup is schematically shown in Fig. 1a. A contin-
uous wave diode laser (405 nm wavelength, 200 mW power)
passing through a variable neutral density filter (Filter 2) and
a beam splitter was focused on the sample using an objective
(10×, NA = 0.3) in an upright microscope (Eclipse LV-100,
Nikon). The focal spot on the sample had an area of about
1200 μm2. The laser power was measured on the sample
plane, and tunable from 0 to 45 mW using the variable neu-
tral density filter (Filter 2 in Fig. 1a). The sample was illumi-
nated from below with a white light source and finally
Fig. 1 (a) Schematic of the optical setup to generate bubbles via the
optothermal effect. (b) Illustration showing the particle manipulation
process: particles are trapped onto the bubble's surface; particle
manipulation is achieved by moving the laser beam.

This journal is © The Royal Society of Chemistry 2014
imaged with the same objective and Lens 1 onto a CCD (DS-Fi1,
Nikon). A notch filter (Filter 1) was placed before the CCD to
reject the laser light reflected directly from the sample surface.
In our experiment, the sample was inside a microfluidic cham-
ber (Fig. 1b) formed by a wrapping-film spacer between two
cover glasses. The resulting thickness of the chamber was
60–70 μm. The length and width of the chamber was approxi-
mately 2 cm. A 50 nm thin-film layer of gold was evaporated
on the top glass surface before assembling the chamber. Polysty-
rene (PS) beads (Polyscience Inc.) with a diameter of 15 μmwere
used to demonstrate the particle-manipulation capability. The
particles were suspended in deionized water and injected into
the chamber before the experiment. A motorized stage (PRIOR,
model type C152V2) was used to automatically move the posi-
tion of the laser spot on the sample for particle manipulation.
The lateral resolution of the motorized stage is 1 μm. The laser
was kept on during the process of particle manipulation.

Simulations

In order to provide theoretical guidance for the optothermal
bubble-based particle trapping and manipulation process,
CFD simulations were conducted using ANSYS Fluent
software. The goal of the simulations was to reveal the tem-
perature distribution, the convective flow pattern, and drag
forces on the particles.

A two-dimensional (2D) model was applied to calculate
the flow pattern in the chamber after a bubble was generated.
To simplify the simulation, only the heat transfer and convec-
tive flow in the liquid domain were considered. The simula-
tion domain we used was 1000 μm (width) × 70 μm (depth).
A constant temperature of 80 °C was applied to the bubble–
liquid interface as shown in Fig. 2c. The top and bottom sur-
faces were set as free convective boundaries with a room
temperature of 27 °C with a conductivity h = 10 W m−2 K−1.
The temperatures on other surfaces far away from the bubble
were also set to room temperature. The variations in water
density and viscosity with temperature were accounted for in
the model.

Another 2D model was applied to study the drag force on
particles due to the convective flow. In this simulation, a
sphere with a diameter of 15 μm was included in the 2D flow
field model, representing the microparticle. Several different
distances from the particle to the bubble were used to calcu-
late the drag force on the particle. The other simulation
parameters were the same as in the simulation of the convec-
tive flow pattern.

A three-dimensional (3D) model was applied to more accu-
rately simulate the asymmetric temperature distribution on
the bubble's surface when the laser spot moved away from
the bubble's center. The dimensions of the simulation
domain were 1000 μm (length) × 1000 μm (width) × 70 μm
(depth). The radius of the surface bubble was 60 μm. In order
to simulate the scenario when the laser was moved away
from the bubble's center, a non-uniform temperature profile
was imposed on the spherical bubble–liquid interface as the
Lab Chip, 2014, 14, 384–391 | 385
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Fig. 2 (a) Schematic of the bubble-generation process; (b) microscope
image of a bubble generated by the optothermal effect. (c) Simulation
result for the temperature distribution around an optothermally gener-
ated bubble. (d) Simulation result for the convective flow pattern
around an optothermally generated bubble.

Fig. 3 (a, b) Experimental results show that the particle is attracted to
the bubble. (c) Simulation results show that the particle is attracted to
the bubble due to the drag force.
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boundary condition. The area with the highest temperature,
located at the surface of the gold film (where the laser spot
was focused), was set to 100 °C. The temperature decreased
both along the radial and axial directions from the hottest
region to the coolest region on the bubble–liquid interface.
The other boundary conditions and material properties were
the same as used in the 2D model.

Results and discussion
Convective flow around a bubble

When the diode laser was focused onto the gold–liquid inter-
face (Fig. 2a), the gold film at the laser focal spot was quickly
heated up due to effective absorption of the laser energy.
When the temperature of the water near the laser focal spot
reached its boiling point, a vapor micro-bubble formed on
top of the gold film (Fig. 2b). The change in the bubble's size
with respect to the laser power and time is described in the
ESI† (Fig. S1). Unlike the bubbles suspended in a liquid
medium,59–61 the optothermally generated bubble remained
in contact with the gold film, resulting in a hemisphere-
shaped bubble sitting on the surface of the gold film. This
surface bubble was not influenced by the surrounding fluid
flow, and as a result, it was convenient to control both its
position and size.

Once the bubble was generated, a temperature gradient
and convective flow were formed around the bubble. The
simulation result of the temperature distribution around an
386 | Lab Chip, 2014, 14, 384–391
optothermally generated bubble is shown in Fig. 2c. The tem-
perature decreased along the radial direction because of con-
vective cooling along the top and bottom surfaces. The
corresponding convective flow caused by this temperature
gradient is shown in Fig. 2d. The flow formed a clockwise
flow pattern near the bubble–liquid interface due to the den-
sity difference in the water with respect to temperature. Water
flowed toward the bubble near the bottom surface of the
chamber, moved upward to the top surface (the surface with
the gold-coated layer), and finally flowed away. This convec-
tive flow played an important role in attracting particles,
which was an important step in the particle manipulation
process.
Attracting particles to the bubble

Once a particle was introduced in the flow field, it was
attracted towards the bubble surface (Fig. 3a–b). A particle, at
distances up to 500 μm away from the bubble, could be
attracted to the bubble, and the particle moved towards the
bubble with a velocity approaching 90 μm s−1. In addition,
the top surface of the chamber (i.e., the surface with the
gold-coated layer) was in the focal plane of the imaging sys-
tem during the experiment. On the other side, the particle
was out-of-focus as it approached the bubble, as shown in
Fig. 3a–b, which indicated that the particle was dragged
towards the bubble along the bottom surface.

The process of particles being attracted to the bubble
could be explained by using a CFD simulation (Fig. 3c). To
calculate the drag force on a particle, a circle with a diameter
of 15 μm was used to represent the particle in 2D. The parti-
cle was placed near the bottom surface of the chamber at dif-
ferent distances (150–500 μm) from the bubble. Fig. 3c shows
that the particle experienced a horizontal drag force with its
This journal is © The Royal Society of Chemistry 2014
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direction pointing towards the bubble (the black arrow). This
force dragged the particle towards the bubble, and its magni-
tude increased as the particle moved closer to the bubble. In
the simulation, if the particle was near the top surface, it
experienced a drag force (Fig. S4, ESI†) which finally pushed
the particle to the bottom of the chamber and the particle
was recaptured by the convective flow at the bottom surface.
The simulation also showed the convective flow can exert a
force on the particle at a relatively far distance from the bub-
ble (about 500 μm), which matched the experimental results
and indicated that the drag force was a long-range force. The
discrepancy between the velocity in the simulation results
(~10 μm s−1) and from experimental measurement (~90 μm s−1)
was probably because our computational model did not
consider the complex two-phase gas–liquid system. Thus,
the simulated convection at the bubble–liquid interface was
not exactly the same as that in the experiment. Overall, the
simulation explained the process by which the particle was
attracted towards the bubble by the convective flow.

Trapping particles on the bubble

After the particle approached the bubble, it attached to the
bubble's surface (Fig. 4a). Furthermore, by focusing the
microscope on the top surface of the chamber, we found that
the particle was also in-focus. This is different from the
particle-attracting process where the particle was out of focus.
This indicated that the particle was trapped near the top sur-
face although it approached the bubble along the bottom sur-
face. The trapping mechanism cannot be simply explained by
the convective flow since the circulating convective flow
formed around the bubble would finally push the particle
away at the top surface, if no other forces were present in
this process. This would directly contradict the experimental
observations.

We believe that there are other forces, namely surface ten-
sion and pressure forces, which play an important role in this
Fig. 4 (a) A particle is trapped on a bubble near the top surface of the
chamber; (b) the surface tension force and the pressure force balance
in the radial direction of the bubble which stabilizes the particle on the
bubble; (c) a diagram defining the pressure force when the particle
attaches to the bubble's surface; (d) a diagram of the surface tension
force when the particle attaches to the bubble's surface.

This journal is © The Royal Society of Chemistry 2014
process. The balance of these forces along the radial direction
of the bubble was the reason why particles were trapped on the
bubble's surface, as shown in Fig. 4b. When a particle was
located at the bubble–liquid interface, the following forces
have components along the radial direction: surface tension
force (F), pressure force (Fp), and drag force (Fd). The balance of
these forces can be described with the following equation:

F þ Fp þ Fd ¼ 0 ð1Þ

When the particle was located at the bubble–liquid inter-
face, the pressure difference (ΔP) between the gas (Po) and
liquid (Pi) is:

62

P P
Ro i
B

 
2 ð2Þ

where γ is the surface tension and RB is the radius of the
bubble at the cross section. The resulting pressure difference
exerted a pressure force (Fp) on the particle. Using the nota-
tions shown in Fig. 4c, the pressure force can then be
described as:

F R
RP
B

 ( sin ) 2 2 ð3Þ

where β is the half central angle, and R is the radius of the
particle. In addition, once the particle came in contact with
the bubble–liquid interface, a meniscus was formed around
the particle; thus, a surface tension force was induced against
the pressure force. A cross-sectional diagram of the surface
tension force acting on a bubble–liquid–solid interface is
shown in Fig. 4d. The surface tension force (Fs) is tangential
to the bubble's surface at the contact point and points
towards the inside of the bubble. The components of Fs tan-
gential to the cross section of the bubble–liquid–solid inter-
face are cancelled out because of the symmetric circular
shape. This results in a net force F pointing towards the
inside of the bubble as shown in Fig. 4d. By using the nota-
tions shown in Fig. 4d, Fs can be described as:

Fs ¼ γ·2πR sin β ð4Þ

And F is estimated as:

F ¼ Fs sinð|β − θc0|Þ ð5Þ

where θc0 is the contact angle among the particle and the
liquid–gas interface.

Comparing the order of F and Fp can provide more infor-
mation about the force balance on the particle:

F
F

R
Rp

B c
sin(| |)

sin
 


ð6Þ

Eqn (6) demonstrates that the ratio between F and Fp is
highly dependent on the wettability of the particles. In the
Lab Chip, 2014, 14, 384–391 | 387
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Fig. 5 (a) Simulation results showing the asymmetrical temperature
distribution in the fluid around the bubble when the laser is not
focused at the center of the bubble. (b) A convective stream forms
around the bubble due to the asymmetric temperature distribution.
The direction of the convective flow is toward the hottest area. (c) A
microparticle was pushed to the laser focusing spot due to streaming.
When the laser spot moves, the particle follows the motion and
attaches to the bubble's surface.
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experiment, R, RB, and β were estimated to be 7.5 μm, 40 μm,
and 10°–20°. This estimation is reasonable based on the
results shown in Fig. 4a, where only a small portion of the
particle was attached to the bubble. To keep F and Fp on
the same order of magnitude, the calculated θc0 was 30°–40°,
which is reasonable for the carboxyl modified polystyrene
beads used in the experiment. Under this condition, both
forces are on the order of 10−8 N.

The drag force due to the convective flow can also be
calculated using Stokes' law:

Fd ¼ 6πηRv ð7Þ

where η is the viscosity of medium, and v is the relative veloc-
ity between the particle and the fluid. The upper limit of v is
the velocity of the flow, which was less than 100 μm s−1. The
calculated upper limit of the drag force was about 10−10 N in
a vector direction away from the bubble.

The above analysis on pressure, surface tension, and drag
forces reveals the following properties of a particle trapped
by an optothermal bubble:

(1) Since the surface tension force dominates over the
drag force, the wettability between particles and liquids is
critical for optothermal bubble-based particle trapping. This
is consistent with previous observations that when a surfac-
tant was added to the liquid, the surface tension coefficient
between the particle and the liquid changed, so that particles
were not effectively trapped at the bubble's surface.32

(2) The calculated drag force is significantly smaller than
the pressure force and surface tension force, indicating the
balance between the latter two is the main reason particles
remain attached to the bubble. However, if the drag force
drastically increases; it will become important and break the
force balance between the surface tension and pressure force.
This happens when the bubble moves at a high speed
(greater than 500 μm s−1, as shown in Fig. S3, ESI†). Above
this speed, the particle was pulled off the bubble by the drag
force, indicating that the drag force had increased enough to
break the force balance.

(3) The force analysis described here is similar to other
processes such as when using an atomic force microscope to
press a particle into a gas–liquid interface where a net
detachment force arising from surface tension and the pres-
sure force can be calculated.63,64 In Pickering emulsions,
where particles are trapped at an oil–aqueous interface, the
system is theoretically described from the surface energy
point of view.65

(4) Other effects, such as optical trapping, the
thermophoretic effect, buoyancy and gravity do not play a
major role in this process. The optical trapping effect has
been excluded by performing a control experiment (Fig. S5,
ESI†). The thermophoretic effect can be excluded because it
would drive particles towards the region with a lower temper-
ature which is away from the bubble. This is contrary to our
experimental results. Buoyancy and gravitational forces do
388 | Lab Chip, 2014, 14, 384–391
not dominate in this process because their directions are
perpendicular to the direction of the particle motion.

In summary, the particle trapping process is explained
based on the above theoretical analysis and experimental
results. The convective flow brings the particle towards
the bubble, when initially separated by large distances,
along the bottom of the chamber. Once the particle is
brought into contact with the bubble, the convective flow
pushes the particle upwards to the top surface of the
chamber. At this point, the surface tension and pressure
force dominate and the balance between these two forces
traps the particle tightly against the bubble surface and
prevents the convective flow from pulling the particle
away. As a result, the particle is trapped on the bubble
surface near the top surface of the chamber, as observed
in the experiment.
Controlling the particle's position on the bubble

The position of the particle on the optothermal bubble can
be controlled by moving the laser-focusing spot within the
bubble. When the laser spot is located at the center of the
bubble, the convective flow is symmetric about the bubble
(Fig. 2a), causing an equal probability of trapping a particle
at every position on the bubble. However, if the laser spot
moves to the boundary of the surface bubble, the convective
flow becomes asymmetric. The temperature profile (Fig. 5a)
and convective flow pattern (Fig. 5b) were calculated by using
a 3D CFD model, in which a heat source was placed near one
boundary of the bubble. It shows that the convective flow was
directed to a region where the temperature was highest,
which corresponds to the location of the laser spot. There-
fore, particles attached to the bubble will follow the flow
direction and be attracted to the region with the highest
temperature.
This journal is © The Royal Society of Chemistry 2014
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This phenomenon was verified by our experiment
(Fig. 5c). In the experiment, after trapping one particle on the
bubble, the position of the laser spot (white dashed circle in
Fig. 5c) was changed by a motorized stage. The stage was
programmed to move the laser spot along the inner boundary
of the bubble (red dashed arrow indicates the rotation
direction). Fig. 5c shows that a particle is trapped at the region
with the highest temperature on the surface bubble where
the laser spot is located, and follows the trajectory of the
laser spot. It should be noted that this method is not limited
to the manipulation of a single particle; multiple particles
can also be simultaneously manipulated on the bubble's sur-
face. In our experiment, two particles can also be manipu-
lated separately depending on the position of the laser spot
(Fig. S2, ESI†). This method can be conveniently extended to
multiple-particle manipulation.
Collecting multiple particles and manipulating single
particles along an arbitrary trajectory

To demonstrate the particle manipulation capability using
the optothermal bubble-based particle trapping mechanism,
we demonstrated two applications here: (1) the collection of
randomly distributed particles, and (2) manipulation of a sin-
gle particle along a well-defined trajectory. The particle-
collection results are shown in Fig. 6a–f. The white dashed
circle represents the laser spot and the red dashed arrow
indicates the direction of the laser movement. The bubble
closely followed the laser spot and moved in a well-controlled
manner.

When the laser spot moved in front of the bubble, a con-
vective stream formed around the bubble due to the asym-
metric temperature distribution, as shown in Fig. 5b. This
resulted in a net force directed towards the front bubble sur-
face (in the direction of the laser movement).
Fig. 6 (a–f) Collecting randomly distributed polystyrene particles;
(g) single particle manipulation following three trajectories to trace the
letters “P”, “S”, and “U,” from left to right.

This journal is © The Royal Society of Chemistry 2014
The final bubble movement depended on the relative mag-
nitude of this thermally-generated force and the interfacial
forces between the bubble and gold surface. If the laser-
induced asymmetric thermal force was smaller than the
interfacial forces, the bubble remained stationary, such as
in the case shown in Fig. 5c. This was the case when the
laser spot remained inside of the bubble. If the laser spot
moved further out in front of the bubble surface, as the case
shown in Fig. 6a–f, the water at the laser spot was quickly
heated and evaporated. Then, this thermally-induced force
exceeded the interfacial forces and this pushed the bubble
forwards. The net effect was that the bubble appeared to fol-
low the laser spot. Besides the bubble's motion, the particles
(polystyrene, 15 μm diameter) located along the bubble's
trajectory became trapped on the bubble's surface, following
the mechanism described above. In addition, the trapped
particles were carried in front of the surface bubble along the
direction of motion. This observation further confirmed that
particles will be trapped near the location of the focused
laser, where the temperature was the highest. After the parti-
cles were delivered to a desired position, they could be
unloaded by turning off the laser and allowing the bubble to
shrink until it finally disappeared.

To illustrate the ability of single particle manipulation
with this technique, three letters “P”, “S”, and “U” were
written with three surface bubbles, respectively. Fig. 6g shows
a time-lapsed, composite image of a bubble following the tra-
jectory of each letter. The maximum velocity of the particle
was ~500 μm s−1. Above this threshold, the particle was
dragged away from the bubble. As discussed in the particle-
trapping section, this is because the increased drag force
breaks the balance between the surface tension and the
thermally-induced force. In addition, our technique can effec-
tively manipulate particles in a large working area up to the
centimeter scale.

Conclusion

In conclusion, through a theoretical analysis, numerical sim-
ulations, and experiments, we have revealed the mechanism
behind the manipulation of a particle via an optothermal
bubble. In addition, we developed a novel particle-
manipulation technique based on this mechanism. After gen-
erating a bubble with a low-power diode laser, microparticles
were attracted to the bubble's surface from relatively long dis-
tances away due to the convective flow. Once entrained by
the flow, the particles were trapped on the bubble surface
and were carried along with the hemispherical bubble to any
desired location, as the result of a balance between surface
tension and pressure forces. This approach to particle manip-
ulation was demonstrated with two examples: by collecting
randomly distributed microparticles and by moving single
particles along a prescribed trajectory. Due to the effective-
ness and simplicity of this particle-manipulation technique,
it could be valuable in many applications where high-
precision particle manipulation is needed.
Lab Chip, 2014, 14, 384–391 | 389
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